ABSTRACT
I
diopathic normal pressure hydrocephalus (iNPH) has been diagnosed since the evidence-based guidelines for diagnosis and management of iNPH were announced in Japan, the United States, and Europe. [1] [2] [3] [4] [5] Frequently, patients with iNPH have shortstepped gaits at first, followed by cognitive impairment and urinary incontinence. The Study of iNPH on Neurologic Improvement (SINPHONI) showed that narrow sulci at the high convexity and an enlarged Sylvian fissure with ventricular dilation, which was designated as "disproportionately enlarged subarachnoid-space hydrocephalus (DESH)," were important MR imaging features for iNPH diagnosis. 6 The SINPHONI also confirmed that a lumbar CSF tap test was a necessary diagnostic test for probable iNPH and predicted a favorable response to a ventriculoperitoneal shunt surgery. 7 Despite the remarkable progress of 3D graphics technology, the Evans Index proposed by William Evans in 1942 has been the most popular index of ventricular enlargement, 8 and an Evans Index of Ͼ0.3 has been adopted as a criterion for ventriculomegaly in the Japanese and international iNPH guidelines. [1] [2] [3] [4] [5] However, some studies using volumetric analysis suggested that it was not a sufficient linear index for evaluating ventricular enlargement. 9, 10 In recent years, a T2-weighted 3D spin-echo se-quence with sampling perfection with application-optimized contrasts by using different flip angle evolutions (SPACE sequence; Siemens, Erlangen, Germany) has been developed. [11] [12] [13] [14] This volumetric sequence enables the decrease of specific absorption rate limits and a scan of the whole brain in a single slab and a true isotropic 3D data record with high resolution (voxel size Յ 1 mm 3 without interpolation). Taking advantage of the high sensitivity to detect CSF on the T2-weighted 3D-SPACE sequence, a new automated segmentation technique by using a simple threshold algorithm has been developed. 15 The aim of the present study was to investigate the association between several 1D and 3D parameters of the ventricles and subarachnoid space and the response to the CSF tap test in patients with suspected iNPH in a systematic manner.
MATERIALS AND METHODS

Study Population
The study design and protocol were approved by the ethics committee for human research at our hospital. We prospectively collected the patients for 3T MR imaging beginning in November 2013, when the best protocols of imaging acquisition and extraction of ventricular and subarachnoid CSF were determined. Patients 60 years of age or older who had ventriculomegaly and symptoms of short-stepped gait and/or cognitive impairment were referred to our iNPH center as having suspected iNPH by neurologists and neurosurgeons around Kyoto. The comorbidities, including Alzheimer disease and cerebrovascular diseases, were diagnosed by the neurologists before referral to our iNPH center and were confirmed on MR imaging and 123 I-N-isopropylp-iodoamphetamine-SPECT in our center. Forty-nine consecutive patients with suspected iNPH underwent CSF removal of 30 mL via a lumbar tap (CSF tap test) concurrently with a T2-weighted 3D-SPACE sequence on 3T MR imaging and 123 I-Nisopropyl-p-iodoamphetamine-SPECT. According to the Japanese iNPH guidelines, 4 improvements of symptoms were assessed by the iNPH grading scale and the quantitative examination of gait and cognition before and at 1 day and 4 days after the CSF tap test. Gait was assessed with a 3-m Timed Up and Go Test and a 10-m straight walk (time in seconds and number of steps). 
Segmentation and Quantification of the Ventricular and Subarachnoid Space
The sagittal source images of T2-weighted 3D-SPACE were automatically processed to create 3D volume-rendering reconstruction and MPR images by using an independent 3D volume-analyzer workstation (SYNAPSE 3D; Japanese local name, SYNAPSE VINCENT; Fujifilm Medical Systems, Tokyo, Japan). The intracranial volume was segmented by the use of the combined techniques of the edge-guided nonlinear interpolation and usersteered live-wire segmentation. 16, 17 After that, the CSF spaces were automatically segmented from brain parenchyma by using a simple threshold algorithm (Fig 1) . 15 The threshold range for the signal intensity of CSF on the T2-weighted 3D-SPACE sequence of 3T MR imaging was extremely stable at 650 -700 of the lower limit threshold and no upper limit threshold. The bilateral, third, and fourth ventricles were manually segmented, respectively, and they were subsequently combined as a total ventricle. Subarachnoid spaces were automatically segmented as the total intracranial CSF space minus a total ventricle. Furthermore, subarachnoid spaces were divided into the upper and lower parts in a horizontal section on the anterior/posterior commissure plane at the level of the junction point of the vein of Galen and the straight sinus. The upper-to-lower subarachnoid space ratio was defined as the upper part to the lower part of the subarachnoid spaces (Fig 2) . In addition, the subarachnoid space was divided into 4 parts, frontal convexity, parietal convexity, Sylvian fissure and basal cistern, and posterior fossa, by using the manual segmentation technique, as shown in Fig 3. The parietal convexity was defined as the posterior part from the central sulcus.
The labeling of the segmented volumes was measured by counting the number of voxels automatically. The volume ratios of the ventricles and subarachnoid spaces (%) were calculated as ratios of the ventricle volumes to the intracranial volume. To evaluate the validity of the measured volumes, we segmented and measured the ventricles and subarachnoid spaces in the first 11 consecutive patients by using the SYNAPSE 3D workstation and the open-source 3D Slicer software package (www.slicer.org). 18 The Pearson correlation coefficients among the 2 software packages were 0.838 for a total intracranial CSF space and 0.989 for the total ventricular volumes.
3D Coordinates of the Bilateral Ventricle
Three axes for the spatial coordinates of the head position were used as follows: x is the left/right dimension, y is the posterior/ anterior dimension, and z is the ventral/dorsal or inferior/superior dimension. The x and z dimensions were perpendicular, and the y dimension was parallel to the anterior/posterior commissure line. The Evans Index was measured as the maximal width of the frontal horns of the bilateral ventricles to the maximal width of the internal diameter of the cranium on the basis of the x dimension. 9, 10 The z-Evans Index was defined as the maximum z-axial length of the frontal horn, which was between the roof and bottom of the larger lateral ventricle to the maximum cranial z-axial length at the base of the posterior end of the foramen of Monro (Fig 4) . In the same procedure, the y-Evans Index was defined as the maximum y-axial length between the posterior end of the foramen of Monro and the anterior end of the frontal horns to the maximum cranial y-axial length. Additionally, x-, y-, and z-Maximum Indices were measured as the maximum width of the bilateral ventricles to the maximum internal cranium width on each of 3 dimensions, as shown in Fig 4 .
Statistical Analysis
The prevalence ratios of high-convexity tightness, enlarged Sylvian fissure, and comorbidities such as Alzheimer disease or dementia with Lewy bodies, Parkinsonism, cerebrovascular diseases, narrow spinal canal, and disuse muscle atrophy were compared among the 3 groups by the 2 test. Mean values and SDs for age and 3D and 1D indices among the tap-positive, tap-negative, and control groups were calculated and compared in each group by the Mann-Whitney-Wilcoxon test. The volumes and volume ratios of the total ventricles, bilateral ventricles and total subarachnoid space, the 4 segmented parts of the subarachnoid spaces, upper-to-lower subarachnoid space ratio, 3-directional linear 1D indices of the bilateral ventricles, and the callosal angle were calculated as the area under the receiver operating characteristic curves (AUC) to evaluate the optimal thresholds to maximize the sum of sensitivities and specificities for differentiation between the tap-positive and the tap-negative groups. Using the optimal thresholds from AUC analyses, we calculated age-adjusted ORs and 95% CIs for comparing the tap-positive group with the tap-negative group in a multivariate logistic regression model. Additionally, 14 patients with shunt-effective iNPH were evaluated, and their 3D and 1D indices were compared to 25 patients without response to the tap test. The relationships between the 2 indices were compared by using the Pearson correlation coefficient (r). Age was treated as a continuous variable for all statistical analyses. All missing data were treated as deficit data that did not affect other variables. Statistical significance was assumed at P Ͻ.05. Statistical analysis was performed by using R software (Version 3.0.1; http://www.R-project.org).
RESULTS
Clinical Characteristics
An Evans Index of Ͼ0.3, callosal angle of Ͻ90°, narrow sulci at the high convexity, and an enlarged Sylvian fissure, which were conventional morphologic indices for iNPH diagnosis, were significantly different between the tap-positive group and the controls, but there was not any statistical significance between the tappositive and tap-negative groups ( Table 1 ). The tap-negative group had a higher frequency of Alzheimer disease (48%) and cerebrovascular diseases (26%) compared with the tap-positive group. Table 2 shows the result of the mean values of the 3D and 1D indices. Among the 3D indices, volume ratios of the total ventricle or bilateral ventricles, CSF volume of the total subarachnoid space or parietal convexity, and upper-to-lower subarachnoid space ra- tio were significantly different between the tap-positive and tapnegative groups. The bilateral ventricular volume ratio seemed to be robust and representative of the ventriculomegaly. The ranges of the 3-directional expanding ratios for the bilateral ventricles were 0.55-0.70 at the x-Maximum Index, 0.49 -0.71 at the yMaximum Index, and 0.36 -0.81 at the z-Maximum Index; and those for the frontal horns were 0.22-0.39 at the Evans Index, 0.17-0.26 at the y-Evans Index, and 0.17-0.48 at the z-Evans Index. The bilateral ventricles and their frontal horns were most expanded toward to the z-axial direction in the tap-positive group with iNPH. The Evans Index, z-Evans Index, and y-Maximum Index were statistically significant between the tap-positive and tap-negative groups. For discriminating the tap-test response, the CSF volume of the parietal convexity was the highest index (AUC, 0.768; sensitivity, 91.7%; specificity, 52.0%), the z-Evans Index was the second (AUC, 0.758; sensitivity, 66.7%; specificity, 88.0%), and the upper-to-lower subarachnoid space ratio index was the third (AUC, 0.723; sensitivity, 45.8%; specificity, 92.0%), as shown in Table 3 and Fig 5. These 3 indices remained statistically significant for discriminating the shunt-effective iNPH group from the tap-negative group (On-line Table) . There was a significant relationship between the upper-to-lower subarachnoid space ratio and CSF volume of the parietal convexity (r, 0.680; 95% CI, Ϫ0.533 to Ϫ0.788; P Ͻ .001). Furthermore, the z-Evans Index was significantly associated with the upper-tolower subarachnoid space ratio (r, Ϫ0.527; 95% CI, Ϫ0.676 to Ϫ0.336; P Ͻ .001) or the CSF volume of the parietal convexity (r, Ϫ0.238; 95% CI, Ϫ0.445 to Ϫ0.007; P ϭ .004). If the patients with suspected iNPH had any of the MR imaging findings-that is, the CSF volume of the parietal convexity of Ͻ38 mL, upper-to-lower subarachnoid space ratio of Ͻ0.33, and/or z-Evans Index of Ͼ0.42-they had the possibility of a Ͼ1.5-times higher effectiveness of the CSF tap test. No useful combination of parameters obviously increased the AUC compared with the single parameter.
Parameters Associated with CSF Tap-Test Responses
DISCUSSION
Our quantitative volumetric analyses determined that volume expansion of the bilateral ventricles, especially at the frontal horns, was toward the z-axial direction, rather than the x-axial direction, in the patients with iNPH. Therefore, we newly proposed the zEvans Index, which was a representative index for z-axial directional expansion of the frontal horns of the bilateral ventricles. We found that the z-Evans Index had the most significant relationship with the patients with iNPH responded to the tap test among the parameters of the ventricles. Because DESH or high-convexity tightness has been recognized as a highly sensitive radiologic finding for iNPH diagnosis, 6,19 a coronal MR imaging section has been recommended for this diagnosis. 6, 20 A coronal MR imaging section is also suitable for the measurement of the z-Evans Index, the same as the DESH and callosal angle. As quantitative indices representing high-convexity tightness and the enlarged Sylvian fissure, the upper-to-lower subarachnoid space ratio and the CSF volume of the 4 segmented parts of the subarachnoid spaces were newly proposed in this study. These 2 parameters were confirmed to have a significant correlation with each other, and there was a significantly inverse correlation between the upper-to-lower subarachnoid space ratio and the z-Evans Index. These findings support the view that high-convexity tightness in iNPH is caused by outside compression from the z-directional expansion of the bilateral ventricles.
Our study had some limitations. First, the highest AUC for discriminating the tap-test response was 0.768, which was relatively low. Although differentiating the tap-positive iNPH group from the controls was simple by using the z-Evans Index (AUC of 0.91), the same as the Evans Index (AUC of 0.84), or the callosal angle (AUC of 0.93), the Evans Index and callosal angle were not sufficiently able to estimate the tap-test response in this study. These reasons would mainly complicate iNPH diagnosis only by radiologic findings, and we emphasize that the CSF tap test is important for the diagnosis of iNPH, though the CSF tap test has high specificity (73-100%), its sensitivity is low (26 -61%) for diagnosing shunt-responsive iNPH. 7, 21, 22 The other limitation was that the signal-intensity-based CSF segmentation method based on the T2-weighted 3D-SPACE sequence had not yet been used in the field of neuroradiology, compared with the atlas-based automatic segmentation method. However, this simple segmentation method by using high-contrast CSF on a T2-weighted sequence will spread throughout the field of neuroradiology with the progression of high-field MR imaging scanners.
CONCLUSIONS
This study provides novel morphologic evidence that volume expansion of the bilateral ventricle is toward the z-axial direction, rather than the x-axial direction, in patients with iNPH responded to the tap test. In particular, the z-directional expansion of the frontal horn of the bilateral ventricles, named the z-Evans Index, was found to be a useful index for predicting the response to the CSF tap test. Cases of z-directional ventriculomegaly concurrent with decreased CSF volume at the parietal convexity subarachnoid space or a decreased upper-to-lower subarachnoid space ratio are thought to constitute a pivotal morphologic finding for iNPH diagnosis. These novel morphologic findings may contribute to future studies concerning the pathogenesis of iNPH underlying simultaneous enlargement of the ventricles, basal cistern, and Sylvian fissure and narrowing of the sulci at high convexity.
